Reelin is a glycoprotein that is critical for proper layering of neocortex during development as well as dynamic regulation of glutamatergic postsynaptic signaling in mature synapses. Here, we show that Reelin also acts presynaptically, resulting in robust rapid enhancement of spontaneous neurotransmitter release without affecting properties of evoked neurotransmission. This effect of Reelin requires a modest but significant increase in presynaptic Ca 2+ initiated via ApoER2 signaling. The specificity of Reelin action on spontaneous neurotransmitter release is encoded at the level of vesicular SNARE machinery as it requires VAMP7 and SNAP-25 but not synaptobrevin2, VAMP4, or vti1a. These results uncover a presynaptic regulatory pathway that utilizes the heterogeneity of synaptic vesicle-associated SNAREs and selectively augments action potential-independent neurotransmission.
INTRODUCTION
Synaptic vesicles (SVs) within individual presynaptic nerve terminals are divided into distinct pools with respect to their relative propensities for fusion (Alabi and Tsien, 2012) . Putative segregation of SV populations giving rise to action potential (AP)-evoked versus spontaneous neurotransmitter release is a key functional outcome of this vesicle heterogeneity (Chung et al., 2010; Fredj and Burrone, 2009; Sara et al., 2005) . Recent studies have demonstrated that the heterogeneous distribution of SV-associated soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) proteins underlies this functional diversity among SVs (Hua et al., 2011; Raingo et al., 2012; . In central synapses, synaptobrevin2 (syb2, also called VAMP2) is the predominant SV SNARE protein that interacts with the plasma membrane SNAREs SNAP-25 and syntaxin1 to execute exocytosis (Sü dhof and Rothman, 2009).
However, although neurons lacking syb2 have a nearly complete absence of evoked neurotransmission, they still maintain significant levels of spontaneous neurotransmitter release (Schoch et al., 2001) . SVs in central synapses contain lower levels of alternative vesicular SNARE proteins such as VAMP4, VAMP7 (also called tetanus-insensitive or TI-VAMP), and Vps10p tail interactor 1 a (Vti1a), with structures similar to that of syb2 (Takamori et al., 2006) . Recent evidence suggests that these alternative vesicular SNAREs maintain neurotransmission independently of syb2 (Raingo et al., 2012; . Moreover, they also constitute molecular tags for independently functioning SV populations and provide a potential molecular basis for selective regulation of distinct forms of neurotransmitter release . Earlier work has provided several examples where spontaneous or evoked neurotransmission is differentially sensitive to neuromodulatory signaling cascades (Phillips et al., 2008; Pratt et al., 2011; Ramirez and Kavalali, 2011; Vyleta and Smith, 2011) , however, the SV-associated substrates that link this differential regulation to vesicle pool heterogeneity have not yet been identified. Despite the accumulating functional and molecular evidence in support of this SNAREdependent vesicle pool diversity, the physiological role of this functional specialization, in particular the biological significance of the residual syb2-independent forms of neurotransmitter release remains poorly understood.
Here, we examined the presynaptic effects of Reelin, a glycoprotein critical for proper layering of neocortex as well as dynamic regulation of glutamatergic postsynaptic signaling in mature synapses (D'Arcangelo et al., 1995; Herz and Chen, 2006) . During development, Reelin is secreted by Cajal-Retzius cells in the marginal zone of embryonic brain where it guides the migration of newly generated neurons from the ventricular zone to the marginal zone, thus forming a properly layered structure in the adult brain (Knuesel, 2010; Kubo et al., 2002; Soriano and Del Río, 2005; Trommsdorff et al., 1999; Tissir and Goffinet, 2003) . Reelin is a ligand for both apolipoprotein receptor 2 (ApoER2) and very low density lipoprotein receptor (VLDLR), which are required for its developmental role Trommsdorff et al., 1999) . After development, the production of Reelin is dramatically decreased but remains prominent in GABAergic interneurons (Alcá ntara et al., 1998) of the cortex and hippocampus (Pesold et al., 1998) . In mature neuronal circuitry, Reelin modulates a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptor activity by postsynaptic activation of ApoER2 and VLDLR Qiu et al., 2006) . The interaction between Reelin and its receptors leads to a signaling cascade initiated by phosphorylation of disabled-1 (Dab-1) that in turn leads to activation of Src, Fyn, or PI-3 kinases (Kuo et al., 2005; Trommsdorff et al., 1999) . Here, we demonstrate that Reelin also acts presynaptically in mature neurons to rapidly enhance spontaneous neurotransmitter release without detectable alterations in the properties of evoked neurotransmission. This action of Reelin depended on the function of the vesicular SNARE protein VAMP7 but not syb2, VAMP4, or vti1a. This finding demonstrates an example where an endogenous neuromodulator relies on the diversity of SV pool-associated SNAREs and selectively mobilizes a subset of vesicles independent of electrical activity.
RESULTS

Reelin Causes an Increase in Spontaneous Neurotransmitter Release
To assess the effect of Reelin on neurotransmitter release, we applied Reelin (5 nM) to hippocampal neurons and recorded spontaneous miniature postsynaptic currents in the presence of tetrodotoxin (TTX) to block APs. Using whole-cell voltage clamp recordings, we monitored pharmacologically isolated excitatory postsynaptic currents (mEPSCs) generated by activation of AMPA or NMDA receptors as well as GABAergic miniature inhibitory postsynaptic currents (mIPSCs) for 5 min in normal Tyrode's solution. Reelin was then perfused into the chamber and mPSCs were measured for at least 5 min followed by washout of Reelin (Figure 1 ). Reelin robustly increased the frequency of spontaneous AMPA mEPSCs ( Figure 1B ) from 0.8 ± 0.1 Hz up to 4.8 ± 0.2 Hz during Reelin ($6-fold increase with t 1/2 = 67.6 ± 14.4 s). This effect was dependent on acute Reelin application as upon Reelin removal, spontaneous event frequency returned to baseline levels (0.9 ± 0.2 Hz with t 1/2 = 75.1 ± 23.3 s). Similarly, Reelin increased the frequency of both NMDA-derived mEPSCs (from 0.7 ± 0.1 Hz before Reelin to 3.2 ± 0.3 Hz during Reelin and 0.7 ± 0.1 Hz after Reelin washout, $4.5-fold increase with a rise time of t 1/2 = 43.1 ± 21.0 s and a decay time of t 1/2 = 26.1 ± 7.5 s) and GABA-mediated mIPSCs (from 0.4 ± 0.04 Hz before Reelin to 1.7 ± 0.1 Hz during Reelin and 0.4 ± 0.1 Hz after Reelin washout, a $4-fold increase with a rise time of t 1/2 = 17.0 ± 4.8 s and decay time of t 1/2 = 37.1 ± 15.1 s) ( Figures 1C and 1D) . In all cases, the elevated spontaneous release frequency was sustained for longer than 5 min in the presence of Reelin ( Figure 1E ). Furthermore, the Reelindependent increase in spontaneous mEPSC frequency was present as early as 6 days in vitro (DIV) ( Figure S1 available online) at a developmental time point when synapses are not capable of robust evoked release (Mozhayeva et al., 2002) . This finding suggests an early developmental significance for the Reelin effect. Previous studies have shown that Reelin can augment the amplitude of AP-evoked NMDA receptor-mediated currents (Chen et al., 2005) . We found a modest, but significant, increase in (E) The mEPSC and mIPSC frequency for AMPA-mediated, NMDA-mediated, and GABA-mediated spontaneous events increases in response to Reelin (AMPA, N = 6; NMDA, N = 8; GABA, N = 5). AMPA-mEPSC frequency increased from 0.8 ± 0.1 Hz before Reelin to 4.8 ± 0.2 Hz during Reelin and decreased to 0.9 ± 0.2 Hz after Reelin washout. Reelin similarly affected both NMDA-mEPSCs (from 0.7 ± 0.1 Hz before Reelin to 3.2 ± 0.3 Hz during Reelin and 0.7 ± 0.1 Hz after Reelin washout) as well as GABA-mediated mIPSCs (from 0.4 ± 0.04 Hz before Reelin to 1.7 ± 0.1 Hz during Reelin and 0.4 ± 0.1 Hz after Reelin washout). (F) Distribution of AMPA-mEPSC, NMDA-mEPSC, and GABA-mIPSC amplitudes before Reelin (baseline, gray bars) and during Reelin (white bars) application. Overall averages of AMPA-mEPSC amplitude showed a slight decrease during Reelin treatment (p < 0.05 paired Student's t test, N = 7) whereas NMDA-mEPSC amplitude increased (p < 0.01 paired Student's t test, N = 10). GABA-mIPSC amplitudes did not reveal a marked change after Reelin application (p > 0.3, N = 4). All error bars represent SEM. See also Figures S1 and S2.
NMDA mEPSC amplitudes from 13.3 ± 1.8 pA at baseline to 16.9 ± 1.6 pA after Reelin application ( Figure 1F and see Figure S2 for additional details) . This observation could account for the previously reported increase in evoked NMDA receptormediated synaptic responses (Chen et al., 2005) . Under the same conditions, the amplitude of AMPA mEPSCs showed a slight decrease from 16.2 ± 1.3 pA before Reelin to 14.5 ± 1.3pA in the presence of Reelin, whereas GABA mEPSC amplitude was relatively unchanged ( Figure 1F ). Although Reelin action on spontaneous release may have a transient component, within the time frame of our experiments, our data did not reveal a statistically significant difference between the initial and later phases of Reelin action. Moreover, it is important to note that as Reelin is a large protein delivered at nM concentrations, it is difficult to ensure the consistency of Reelin concentrations during application.
Reelin Selectively Augments Spontaneous Transmission
To assess the effect of Reelin on evoked SV fusion probability, we measured paired-pulse facilitation of evoked AMPA receptor-mediated synaptic responses in hippocampal neurons in the presence of Reelin (within $5 min of treatment). Neurons were stimulated using single APs with increasing interstimulus intervals of 50 ms, 100 ms, 500 ms, and 1,000 ms (Figure 2A ). . (E) Peak fluorescence amplitudes before Vehicle 10.1 ± 0.9 a.u., after 5 min in Vehicle 11.4 ± 1.0 a.u., and after 10 min in Vehicle 10.7 ± 0.9 a.u., compared to 12.7 ± 2.3 a.u. before Reelin, 12.4 ± 1.7 a.u. after 5 min of Reelin application, and 12.3 ± 1.9 a.u. 10 min after Reelin application. (F) Fluorescence decay kinetics were not different with 34.5 ± 5.7 s before Vehicle, 34.2 ± 4.8 s 5 min after Vehicle, and 30.2 ± 2.1 s after 10 min in Vehicle compared to 35.7 ± 3.5 s before Reelin application, 34.6 ± 3.0 s after 5 min in Reelin and 32.1 ± 1.8 s after 10 min in Reelin. Finally, fluorescence rise time (G) in Reelin was not significantly different from Vehicle (11.3 ± 0.6 s before Vehicle, 10.8 ± 0.4 s after 5 min in Vehicle, and 11.6 ± 0.7 10 min after Vehicle compared to 11.0 ± 0.4 s before Reelin application, 10.8 ± 0.2 s after 5 min in Reelin and 11.0 ± 0.2 s after 10 min in Reelin). There were no significant differences between any of the groups, analyzed by ANOVA (p > 0.2 between all groups). These experiments did not reveal a significant difference in the ratio of synaptic responses to paired-pulse stimulation in the presence or absence of Reelin, suggesting that Reelin does not alter AP-dependent release probability ( Figure 2B ), in agreement with earlier observations (Qiu et al., 2006) . In addition, absolute amplitudes of evoked AMPA-EPSCs were stable and did not show a significant difference before or during Reelin application ( Figure 2C ; before Reelin: 1,223.3 ± 130.7 pA; after Reelin: 1,292.2 ± 88.0 pA; p > 0.7).
To directly examine the effect of Reelin on preSV trafficking, we turned to optical monitoring of an SV-associated protein, synaptophysin, tagged with pH-sensitive GFP within the vesicle lumen (synaptophysin-pHluorin, syp-pH). Exogenous expression of syp-pH typically leads to its wide distribution across SV pools . Neurons were stimulated using a bipolar electrode delivering 200 APs at 20 Hz, before, 5 min after, and 10 min after Reelin application ( Figure 2D ). In this setting, we did not detect a significant change in peak fluorescence amplitude ( Figure 2E ), fluorescence decay kinetics ( Figure 2F ) or fluorescence rise time ( Figure 2G ), indicating that under these conditions Reelin did not significantly alter activityevoked SV trafficking.
In the presence of the vacuolar ATPase inhibitor folimycin, SVs cannot be re-acidified after endocytosis, thus trapping the pHluorin molecules present in vesicles that have undergone fusion in a fluorescent state . Therefore, in the presence of folimycin, the AMPAR antagonist CNQX, the NMDA antagonist AP-5, and TTX (to prevent AP firing), spontaneous transmission can be directly monitored as an accumulation of fluorescence at rest (Atasoy et al., 2008; Hua et al., 2011; . Under these conditions, Reelin application increased spontaneous trafficking of syp-pH more than 2-fold from 2.11 ± 0.05 a.u. after 10 min in Vehicle to 5.06 ± 0.24 a.u. after 10 min in Reelin (Figures 2H and 2I) . Together, these data indicate that Reelin selectively facilitates spontaneous neurotransmission while leaving evoked neurotransmission and SV trafficking relatively unaffected.
The Effect of Reelin Requires the ApoE Type 2 Receptor, Subsequent PI3K Activity, and Ca 2+ Signaling
Reelin is known to bind two members of the large-density lipoprotein receptor (LDLR) family, ApoER2 and VLDLR, leading to their clustering (Herz and Chen, 2006) . To test the hypothesis that Reelin binds to a member of the LDLR family to induce the observed increase in spontaneous neurotransmission frequency, we monitored spontaneous AMPA-mEPSC frequency in the presence of Reelin and a high-affinity receptor-associated protein fused to GST (GST-RAP). GST-RAP acts as a nonreceptor subtype-specific ligand for the LDLR-related proteins (LRPs) and thus a competitive antagonist of ApoER2 ( Figure 3A ) (Herz et al., 1991) . In this setting, Reelin again produced a robust increase in mEPSC frequency; however, the application of GST-RAP in the presence of Reelin decreased mEPSC frequency to near baseline levels within minutes. To confirm that the binding of Reelin to a member of the LRP family is sufficient to elicit an increase in spontaneous transmission, we again monitored mEPSC frequency after addition of the Reelin purification media lacking Reelin (vehicle) ( Figure 3B ). Vehicle perfusion did not alter spontaneous mEPSC frequency. To confirm that ApoER2 and VLDLR are required for the Reelin-dependent increase in spontaneous transmission, we monitored AMPA-mEPSC frequency in neurons from mice lacking ApoER2 (ApoER2 Figures 3C and 3D ). Reelin did not elicit an increase in spontaneous transmission frequency in ApoER2-or VLDLRdeficient neurons, suggesting that Reelin requires both ApoER2 and VLDLR to facilitate spontaneous transmission. We next analyzed the cellular localization of ApoER2 relative to the SV marker, synapsin, to probe if ApoER2 is present on presynaptic terminals. We found that although ApoER2 is predominantly detected in postsynaptic structures, there was a small but significant level of overlap between ApoER2 and synapsin, suggesting ApoER2 is also present on the presynaptic surface ( Figure S3 ).
ApoER2 is upstream of both Src kinase-dependent signaling pathways as well as phosphoinositide 3-kinase (PI3K) Herz and Chen, 2006) . To determine which pathway is involved in the Reelin-dependent enhancement of spontaneous neurotransmission, we preincubated neurons for 1 hr in the Src inhibitor PP1 (10 mM), or applied Reelin to neurons deficient in p110a and p110b isoforms of PI3K (p110a À/À , p110b
) (Utermark et al., 2012) (Figures 3E and 3F) . Cells preincubated in PP1 still exhibited a Reelin-dependent increase in mEPSC frequency ( Figure 3E ), whereas neurons lacking the two commonly expressed PI3K isoforms did not respond to Reelin ( Figure 3F ). These data suggest that PI3K activity, and not Src kinase activity, is required for the Reelin-dependent increase in spontaneous neurotransmission frequency. Furthermore, when neurons were preincubated in the PI3K inhibitors LY294002 and Wortmannin, Reelin was unable to increase AMPA mEPSC frequency ( Figures S4A-S4C ). However, when LY294002 and Wortmannin were included only in the patch pipette, and not the extracellular solution, Reelin did increase mEPSC frequency ( Figures S4D-S4F ). These data reinforce the notion that PI3K activation, specifically in the presynaptic neuron, is required for the effect of Reelin and suggest that Reelin acts presynaptically to increase mEPSC frequency.
Earlier studies have linked PI3K activation to increases in canonical transient receptor potential (TRPC) channel activity leading to membrane depolarization and Ca 2+ influx (Bezzerides et al., 2004; Williams et al., 2011 ( Figures 3I and 3J) . Reelin had no effect on spontaneous neurotransmission in cells that were preincubated in BAPTA-AM or EGTA-AM ( Figures 3I and 3J ). However, when BAPTA (1 mM) was included only in the patch pipette, Reelin still caused an increase in spontaneous transmission, suggesting that the suppression of the Reelin effect by BAPTA-AM and EGTA-AM are due to presynaptic Ca 2+ sequestration and not postsynaptic effects ( Figure S5 ). We also tested whether the Ca 2+ signal required for the presynaptic effect of Reelin depended on a rise in internal Ca 2+ levels via Ca 2+ -induced Ca 2+ release by activation of ryanodine receptors (RyR). In this scenario, the effect of a small amount of Ca 2+ influx can be swiftly amplified giving rise to an increase in neurotransmitter release independent of APs as previously documented in hippocampal synapses (Sharma and Vijayaraghavan, 2003; Xu et al., 2009) . To test if Reelin alters cytosolic Ca 2+ levels through RyRs, we preincubated neurons in the ryanodine receptor blockers, dantrolene (10 mM) or ryanodine (10 mM). Preincubation in either dantrolene or ryanodine abolished the effect of Reelin ( Figures 3K and 3L, respectively) . Together these data suggest that Ca 2+ -induced Ca 2+ release is necessary for the Reelin-dependent increase in spontaneous neurotransmitter release.
In the next set of experiments, we attempted to visualize the Reelin-mediated Ca 2+ signal predicted by the results of the experiments manipulating Ca 2+ signaling within presynaptic boutons described above. For this purpose, we infected neurons with a red-shifted pH-sensitive fluorescent protein, mOrange, fused to the luminal end of syb2 (syb2-mOrange) to identify presynaptic terminals (Raingo et al., 2012; Figure 3M ). The Reelin-induced rise in presynaptic Ca 2+ was particularly robust when monitored with Calcium Green 1 whereas the lower affinity dye Fluo-4 was not as effective in detecting the Reelin-induced Ca 2+ signal ( Figures 3N and 3O ). The more pronounced shift in the distribution of Ca 2+ increases observed with Calcium Green 1 suggests that Reelin application results in a modest increase in presynaptic Ca 2+ that in turn increases baseline spontaneous SV release rates (Lou et al., 2005; Sun et al., 2007) .
Reelin-Dependent Facilitation of Spontaneous Neurotransmission Requires SNAP-25 but Not syb2
Our results so far suggest that Reelin acting via its canonical receptors ApoER2 and VLDLR causes a modest but significant increase in presynaptic Ca 2+ that in turn augments resting neurotransmitter release rate without significantly altering the properties of evoked neurotransmitter release. At synaptic terminals, SNARE protein interactions are largely responsible for vesicle fusion and neurotransmitter release. The canonical synaptic SNARE complex composed of syb2 on the SV and syntaxin 1 and SNAP-25, both on the target plasma membrane, mediates rapid exocytosis. Syb2 is the most abundant vesicle-associated SNARE and is essential for fast synchronous neurotransmission (Schoch et al., 2001; Takamori et al., 2006) . Therefore, in order to examine the presynaptic fusion machinery that underlies this effect, we tested the effect of Reelin on neurons deficient in the canonical synaptic SNARE proteins SNAP-25 and syb2 ( Figure 4A ). Although neurons from their wild-type littermates showed swift responses to Reelin application ( Figure 4B ), neurons lacking SNAP-25 (SNAP25 À/À ) showed no response to
Reelin and had an overall lower mEPSC frequency ( Figure 4C ) (Bronk et al., 2007) . Here, it is important to note that SNAP-25 deficient synapses respond to other secretagogues such as hypertonic sucrose, ionomycin, or a-latrotoxin (Bronk et al., 2007; Deá k et al., 2009) . These data indicate that Reelin causes an increase in SV fusion frequency that requires the function of the plasma membrane-associated SNARE, SNAP-25, in agreement with an earlier study suggesting a SNAP-25-dependent role for Reelin in presynaptic function (Hellwig et al., 2011) . To test if the SV SNARE syb2 is also required for the Reelin-dependent augmentation in transmission, we added Reelin to neurons deficient in syb2 (syb2
) ( Figures 4A and 4D) . Surprisingly, neurons lacking syb2 still responded to Reelin despite their low basal mEPSC frequency ( Figure 4D ). Taken together, these results suggest that the Reelin-dependent increase in spontaneous transmission requires a SNARE complex that contains SNAP-25 but does not require the vesicle-associated protein syb2.
Reelin Facilitates Trafficking of VAMP7 Expressing SVs
The ability of Reelin to increase spontaneous release in the absence of syb2 but not SNAP-25 suggests that the presynaptic Reelin effect requires an alternative vesicular SNARE. This observation is rather surprising as we detected a modest Reelin-dependent increase in presynaptic Ca 2+ levels in presynaptic terminals identified via coexpression of syb2-mOrange in our Ca 2+ imaging experiments ( Figures 3M and 3N ). These findings suggest that Reelin can signal to presynaptic terminals expressing syb2 but its effect on neurotransmitter release does not require syb2 function. To identify the alternative vesicular SNARE that mediates the observed Reelin-elicited exocytosis, we monitored the fluorescence of wild-type neurons expressing one of four vesicular SNAREs (syb2, VAMP4, vti1a, or VAMP7) tagged with pHluorin at their C-terminal ends in the SV lumen. Using the same setting as in Figure 2G , we took advantage of the vacuolar ATPase inhibitor, folimycin, to prevent SV reacidification at rest and monitored spontaneous fusion of vesicles tagged with the four vesicular SNAREs. In this setting, we measured the increase in fluorescence after 10 min of Reelin application. Under these conditions, syb2-pHluorin ( Figure 5A ), VAMP4-pHluorin ( Figure 5B ) or vti1a-pHluorin ( Figure 5C ) trafficking did not respond to Reelin when compared to vehicle. Reelin did, however, robustly increase the cumulative rate of spontaneous fusion of vesicles labeled with VAMP7-pHluorin from 0.14 ± 0.04 a.u. per min. (in vehicle) to 0.38 ± 0.03 a.u.
per min. (in Reelin) ( Figure 5D ). The rise in VAMP7-pHluorin fluorescence was in striking contrast to the very limited trafficking of VAMP7 under normal conditions compared to other vesicular SNAREs ( Figure 5D ). This finding is consistent with our earlier observations as well as the earlier proposal that VAMP7 primarily resides within the resting SV pool (Hua et al., 2011) . These results suggest that Reelin facilitates spontaneous neurotransmitter release specifically through mobilization of VAMP7-containing SVs.
Reelin Selectively Acts on VAMP7 Expressing SVs within an Individual Synaptic Terminal
To evaluate the premise that in a single presynaptic terminal, VAMP7-containing SVs are selectively mobilized over those containing other vesicular SNAREs in response to Reelin, we utilized dual color imaging to compare relative vesicular SNARE trafficking within individual nerve terminals (Raingo et al., 2012; . We coinfected cells with syb2-mOrange and either vti1a-pHluorin or VAMP7-pHluorin. Synaptic boutons were then selected based on syb2-mOrange fluorescence, and fluorescence changes in both channels were measured. Under these conditions, we detected significant fluorescent colocalization of syb2-mOrange and vti1a-pHluorin as well as syb2-mOrange and VAMP7-pHluorin ( Figures 6A and 6D ) (see also . However, addition of Reelin did not alter syb2-mOrange or vti1a-pHluorin trafficking ( Figures 6B and  6C ). In contrast, Reelin could selectively increase the rate of trafficking of VAMP7-pHluorin-containing vesicles, whereas syb2-mOrange-labeled vesicles in the same boutons were unaffected ( Figures 6E and 6F) . Collectively, these data demonstrate that within a given presynaptic terminal, Reelin selectively mobilizes 
VAMP7 Knockdown Abolishes the Effect of Reelin
To further examine whether VAMP7 expression is indeed required for the effect of Reelin on spontaneous neurotransmitter release, we infected neurons with shRNA constructs directed against VAMP7, VAMP4, or vti1a (Figures 7 and S6 ). In addition to the constructs against VAMP4 (Raingo et al., 2012) and vti1a we reported earlier, we developed two VAMP7-knock down (KD) constructs (VAMP7-KD3 and VAMP7-KD4), which effectively reduced endogenous VAMP7 protein levels as detected by western blot (Figures 7A and 7B ). Uninfected control neurons and neurons infected with the vti1a-and VAMP4-KD constructs still responded to Reelin (Figures 7C-7F and 7I), whereas knockdown of VAMP7 using either the VAMP7-KD3 or VAMP7-KD4 construct abolished the effect of Reelin (Figures 7G-7I) . Moreover, insufficient knockdown of VAMP4 or vti1a did not attenuate the effect of Reelin on AMPA mEPSC frequency whereas cells with substantial amounts of VAMP7 expression remaining still exhibited increased AMPAmEPSC frequency in the presence of Reelin ( Figure S6 ). Taken together, these results provide further support that Reelin mobilizes a specific subset of SVs containing VAMP7 to facilitate spontaneous neurotransmission.
DISCUSSION
In this study, we examined the presynaptic effect of the secreted glycoprotein Reelin and found that Reelin increases (E) Reelin selectively enhances VAMP7 trafficking in synapses that coexpress syb2-mOrange and VAMP7-pHluorin. (F) During application of Vehicle, syb2-mOrange fluorescence reached to 32.3 ± 1.9 a.u. in 10 min. Under the same condition, VAMP7-pHluorin fluorescence reached to 6.4 ± 0.9 a.u. after 10 min. In the presence of Reelin, however, syb2-mOrange fluorescence was relatively unaffected (29.9 ± 1.9 a.u. in 10 min; p > 0.2), whereas VAMP7-pHluorin fluorescence reached 20.5 ± 1.3 a.u. in 10 min (Vehicle: n = 108 synapses, N = 8; Reelin n = 77 synapses, N = 6; p < 0.001). *Denotes statistical significance. All error bars represent SEM.
spontaneous neurotransmitter release from excitatory as well as inhibitory synaptic terminals without significantly altering the properties of evoked neurotransmission. This effect of Reelin is initiated by the ApoER2 and VLDLR signaling pathway(s) leading to activation of PI3 kinase and an increase in presynaptic Ca 2+ , via Ca 2+ -induced Ca 2+ release. The Reelin-induced Ca 2+ signal and the subsequent increase in SV fusion was widely distributed across synaptic boutons indicating that the presynaptic action of Reelin was not restricted to a small subpopulation of synapses. Although our results from synaptophysin-pHluorin trafficking ( Figures 2G and 2H ) and presynaptic Ca 2+ imaging ( Figures   3M-3O ) experiments indicate a robust effect of Reelin on the majority of synaptic boutons in our hippocampal cultures, the degree to which presynaptic Ca 2+ levels increased after Reelin application varied across synapses examined ( Figures 3N-3O ). This variability may suggest a heterogeneous ability to respond to Reelin across synaptic boutons. Such heterogeneity may also agree with the earlier work showing relative enrichment of VAMP7 expression in the mossy fiber terminals that originate from dentate granule cells (Scheuber et al., 2006) . The selective increase in spontaneous neurotransmitter release was dependent on the plasma membrane-associated SNARE protein SNAP-25, consistent with an earlier study that proposed a SNAP-25-dependent role for Reelin in presynaptic function (Hellwig et al., 2011) . Surprisingly, however, the effect of Reelin persisted in neurons deficient in syb2, which is the most abundant vesicular SNARE protein in the central nervous system (Schoch et al., 2001; Takamori et al., 2006) . A functional survey of alternative SV-associated SNAREs VAMP4, vti1a, and VAMP7 (Hua et al., 2011; Raingo et al., 2012; Takamori et al., 2006) revealed that Reelin-mediated signaling selectively targeted VAMP7 to augment spontaneous release. Dual color imaging at individual synaptic boutons showed that Reelin application could selectively mobilize vesicles tagged with VAMP7-pHluorin but spare vesicles tagged with syb2-or vti1a-pHluorin. Importantly, loss-of-function experiments showed that the Reelin-mediated increase in spontaneous release was absent after shRNA-mediated knockdown of VAMP7 (Figures 7 and S7) . These results support the premise that low-level sustained increases in baseline presynaptic Ca 2+ triggered by Reelin can selectively mobilize a subset of SVs that are dependent on VAMP7 for their exocytosis.
In central synapses, vesicles that reside within the resting pool, which normally do not respond to AP stimulation (Sü dhof, 2000) but may contribute to spontaneous neurotransmitter release (Fredj and Burrone, 2009) , are enriched in VAMP7 expression (Hua et al., 2011) . The selectivity of Reelin action to VAMP7 suggests that sustained increases in baseline Ca 2+ levels can specifically mobilize these dormant vesicles and augment spontaneous release. Previous studies have demonstrated that intramolecular binding of the N-terminal longin domain of VAMP7 with its SNARE motif can negatively regulate SNARE complex formation (Pryor et al., 2008) . Accordingly, VAMP7-pHluorin lacking the longin domain has an increased rate of spontaneous exocytosis compared to full-length VAMP7 (Hua et al., 2011) . Therefore, downstream components of the Reelin-mediated ApoER2 and VLDLR-signaling cascade, such as PI3 kinase, may relieve VAMP7 autoinhibition by its longin domain to promote VAMP7-containing vesicles to a fusion competent state. Alternatively, increases in baseline Ca 2+ levels may act to overcome autoinhibition of VAMP7 to activate VAMP7-mediated neurotransmission. This reaction may be transduced by a high-affinity Ca 2+ sensor, such as Doc2, that may selectively interact with VAMP7 (Groffen et al., 2010; Pang et al., 2011; Yao et al., 2011) . However, our loss-of-function analysis failed to show an impairment in the Reelin-mediated increase in spontaneous neurotransmitter release in cells with reduced levels of all four isoforms of the Doc2 protein family (Doc2A, Doc2B, Doc2G, and rabphilin) ( Figure S7 ) (Pang et al., 2011) . Our results cannot exclude a potential role for an unidentified alternative Ca 2+ sensor in transducing slow elevations in baseline Ca 2+ levels to activation of VAMP7-mediated SV fusion. Indeed, earlier experiments performed at the calyx of Held demonstrated that the increase in baseline vesicular release rate induced by modest rises in presynaptic Ca 2+ (<400 nM) was relatively unaffected by the loss of synaptotagmin2, which is the primary Ca 2+ sensor for evoked synchronous neurotransmitter release at this synapse (Sun et al., 2007) . Therefore, selective association of VAMP7-driven SNARE complexes with an alternative Ca 2+ sensor may explain the anomalous behavior of VAMP7-tagged SVs that do not effectively respond to individual APs and require strong stimulation for mobilization ( Figure 6 and see (Scheuber et al., 2006; Hua et al., 2011) , which are present in our culture preparation (Kavalali et al., 1999) . Furthermore, it also remains possible that a downstream component of Reelin signaling besides Ca 2+ may act negatively to suppress the elevation of evoked release probability.
These findings provide insight into regulation of neurotransmitter release by identifying a physiological neuromodulatory cascade that selectively targets syb2-independent neurotransmission. In view of the abundance of syb2 in central presynaptic terminals, the physiological significance of the residual release remaining after genetic deletion of syb2 has remained elusive (Scales et al., 2001; Schoch et al., 2001) . The finding that Reelin signaling can act independent of syb2 function to augment neurotransmitter release strongly suggests that the syb2-independent release is functionally significant. The residual spontaneous neurotransmission present in syb2-deficient synapses could not be explained by the expression of the closely related vesicular SNARE cellubrevin (also called VAMP3) (Deá k et al., 2006; Schoch et al., 2001) , although it appears to be partially mediated by vti1a, an alternative SNARE molecule localized to SVs . However, in this study, we show that vti1a-mediated neurotransmission is largely unresponsive to Reelin-induced Ca 2+ signaling, whereas VAMP7-tagged vesicles robustly respond to the same Ca 2+ signal. These results are consistent with earlier work suggesting the segregation of vesicles containing vti1a to a spontaneously recycling pool and those containing VAMP7 to a resting pool (Hua et al., 2011; . The molecular specificity of the actions of Reelin on VAMP7-containing vesicles offers a striking contrast to potentiation of neurotransmitter release in response to other secretagogues such as a-latrotoxin, which could elicit release independent of several key release machinery components including SNAP-25 (Deá k et al., 2009) or lanthanides that specifically rely on syb2 to facilitate the rate of neurotransmitter release at rest .
The action of neuromodulators is critical in shaping the function of neuronal circuits in multiple species (Bargmann, 2012; Marder, 2012) . Although several endogenous neuromodulators can modify all forms of neurotransmitter release, some factors can specifically target AP-independent forms of neurotransmission (Peters et al., 2010; Ramirez and Kavalali, 2011; Sharma and Vijayaraghavan, 2003; Vyleta and Smith, 2011; Zucker, 2003) . The present findings indicate that the endogenous neuromodulator Reelin may selectively mobilize a subset of SVs by specifically targeting their SNARE machinery. Therefore, we propose that presynaptic vesicular SNARE heterogeneity forms a molecular substrate for selective neuromodulation and enables regulation of neuronal output without alterations in AP-dependent information processing. Such segregation of AP-dependent and AP-independent presynaptic regulatory mechanisms may be particularly significant in circumstances where evoked release probability is low (Borst, 2010) , and the two types of synaptic signals are difficult to differentiate. Under these circumstances, selective augmentation of spontaneous neurotransmitter release may facilitate neurotrophic, homeostatic or other signaling functions of released neurotransmitter substances without compromising their function in AP-evoked information transfer. Recent studies suggest that the AP-independent forms of neurotransmitter release are critical in the regulation of behavioral outcomes such as nociception, memory processing, and response to antidepressants (Andresen et al., 2012; Autry et al., 2011; Jin et al., 2012; Kavalali and Monteggia, 2012; Xu et al., 2012 , Nosyreva et al., 2013 . This premise is consistent with the recent behavioral analysis of VAMP7 knockout mice that revealed a deficit in anxiety-related behaviors (Danglot et al., 2012) . In this way, identification of the vesicular release machineries and neuromodulators that specifically modify AP-independent forms of neurotransmission may provide novel avenues to manipulate neurotransmission without altering AP-dependent information processing. These types of approaches provide a promising strategy to uncover the functional roles of these unconventional forms of neuronal communication in the regulation of behavior in normal as well as in disease states.
EXPERIMENTAL PROCEDURES
Cell Culture and Mouse Lines Dissociated hippocampal cultures were prepared from postnatal day 0-3 Sprague-Dawley rats of either sex as described previously (Kavalali et al., 1999) . For syb2 knockout (KO) and SNAP-25 KO experiments, dissociated hippocampal cultures were prepared from embryonic day 18 mice constitutively deficient in syb2 (syb2 ) as well as their littermate controls (Schoch et al., 2001; Washbourne et al., 2002) . ApoER2 KO and VLDLR KO cultures were prepared from mice generated by constitutive deletion of Apoer2 and vldlr genes (Frykman et al., 1995) . To generate neurons deficient in p110a and p110b isoforms of PI3K (gift of Drs. Joel Elmquist, UT Southwestern, and Jean Zhao, Dana-Farber Cancer Institute), hippocampal cultures from mice expressing conditionals alleles of p110a and p110b genes were infected with lentivirus expressing Cre. Lentiviral expression system shows high infection efficacy (>90%) as previously demonstrated by full rescue of synaptic transmission in syb2À/À cultures by lentiviral expression of syb2 (Deá k et al., 2006) . All experiments were performed on 14-21 days in vitro (DIV) cultures. All experiments were performed in accordance with protocols approved by the UT Southwestern Institutional Animal Care and Use Committee.
Lentiviral Preparations
The short hairpin sequences used to knockdown the vesicular SNARE proteins are as follows: for Vti1a, sense 5 0 -TGTACAGCAACAGAATGAGTTCAAGAGA CTCATTCTGTTGCTGTACA-3 0 , VAMP4, sense 5 0 -TCGAGGAGAATATTACCA AGGTAATTCAAGAGATTACCTTGGTAATATTCTCTTA-3 0 . For VAMP7 knockdown, two constructs were used: VAMP7 KD3 5 0 -CTGAAGCATCACTCCGAG ATTCAAGAGATCTCGGAGTGATGCTTCAG-3 0 and VAMP7 KD4 5 0 -CTGAAA GGCATCATGGTCATTCAAGAGATGACCATGATGCCTTTCAG-3 0 . In all cases, shRNA sequences were inserted into Xhol through Xbal cloning sites in the L307 lentiviral transfer vector, downstream of the human H1 promoter. Lentiviruses encoding pHluorin-tagged syb2, VAMP4, vti1a, VAMP7, mOrange-tagged syb2, and all shRNA constructs were prepared by transfection of human embryonic kidney (HEK) 293-T cells with FUGENE 6 and necessary viral coat and packaging protein constructs (pVSVG, pRsvRev, and pPRE). Three days after transfection, virus was harvested from HEK293-T cell-conditioned media and added to neuronal media at 4 DIV. Lentiviral constructs to decrease expression of all four isoforms of the Doc2 protein family (Doc2A, Doc2B, Doc2G, and rabphilin) were a gift of Dr. Thomas C. Sü dhof (Stanford University) (Pang et al., 2011) .
Electrophysiology
Electrophysiological experiments were performed on dissociated hippocampal neurons as in Nosyreva and Kavalali (2010) (see Supplemental Experimental Procedures for further details).
Reelin and Pharmacology
Reelin was prepared and purified as described previously (Beffert et al., 2002) (see Supplemental Experimental Procedures for further details).
Single Color Imaging
Single-wavelength experiments were performed using an Andor iXon+ back-illuminated EMCCD camera using MetaFluor 7.6 software as described previously (Leitz and Kavalali, 2011 ) (see Supplemental Experimental Procedures for further details).
Dual Color Imaging
Dual color experiments were performed using a Zeiss LSM510 confocal microscope using LSM5 software as described previously Raingo et al., 2012 ) (see Supplemental Experimental Procedures for further details).
Statistical Analysis
All error bars represent SEM and all statistical analyses were done using Microsoft Excel Software or Sigma Plot (see Supplemental Experimental Procedures for further details).
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